We report the results of Vulpius transverse gastrocsoleus recession for equinus gait in 26 children with cerebral palsy (CP), using the Gait Profile Score (GPS), Gait Variable Scores (GVS) and movement analysis profile. All children had an equinus deformity on physical examination and equinus gait on three-dimensional gait analysis prior to surgery. The preoperative and post-operative GPS and GVS were statistically analysed. There were 20 boys and 6 girls in the study cohort with a mean age at surgery of 9.2 years (5.1 to 17.7) and 11.5 years (7.3 to 20.8) at follow-up. Of the 26 children, 14 had spastic diplegia and 12 spastic hemiplegia. Gait function improved for the cohort, confirmed by a decrease in mean GPS from 13.4° pre-operatively to 9.0° final review (p < 0.001). The change was 2.8 times the minimal clinically important difference (MCID). Thus the improvements in gait were both clinically and statistically significant. The transverse gastrocsoleus recession described by Vulpius is an effective procedure for equinus gait in selected children with CP, when there is a fixed contracture of the gastrocnemius and soleus muscles. 
The muscles of children with cerebral palsy (CP) are smaller compared with unaffected children. Growth of the muscle tendon units lags behind growth of long bones, resulting in deforming contractures. The most common deformity is equinus. 1 • 2 Reduced ankle dorsiflexion and equinus gait is frequently seen in children with spastic hemiplegia and diplegia. 3 · 6 Equinus gait results in functional problems including reduced foot clearance in swing phase, tripping and falling. There is increased loading of the metatarsal heads and with time, breaching of the mid-foot and pes valgus. 7 In younger children equinus deformity is predominantly spastic and management is often a combination of injections of botulinum toxin A (BoNT-A), ankle-foot-orthoses (AFOs) and physiotherapy. 2 • 4 • 8 If fixed contractures develop surgery may be indicated. 9 -11 Surgery for equinus may be indicated as single level surgery in type II hemiplegia, 12 as unilateral single event multilevel surgery (SEMLS) for children with type N hemiplegia 12 or as bilateral SEMLS for many children with diplegia. 2 • 13 -18 Three-dimensional gait analysis (3DGA) combined with physical examination has been shown to provide benefit in surgical planning and evaluation of outcomesY- 22 In recent years knowledge about surgical procedures for equinus and the expected outcomes have improved, due to studies in human cadavers, clinical outcome studies and systematic reviews.H- 27 There are multiple surgical procedures described for lengthening the gastrocsoleus muscle tendon unit (MTU) within its three anatomical zones. Zone 1 extends from the origin of the gastrocnemius muscle to the most distal fibres of the medial belly. Zone 2 extends from the distal extent of the medial gastrocnemius muscle belly to the most distal fibres of the soleus. Zone 3 is the Achilles tendon. Figure 1 depicts the three zones of the gastrocsoleus MTU and provides reference for the location of the transverse Vulpius gastrocsoleus recession (GSR). 10 • 11 • 28 The transverse Vulpius GSR is a Zone 2 procedure which lengthens the gastrocnemius and soleus muscles equally. It is nonselective, meaning that gastrocnemius and soleus MTUs are both lengthened.H It is, however, stable in cadaver simulations, suggesting that weight bearing can be safely initiated soon after surgery with no risk of disruption 23 ( Fig. 1 ). Although Vulpius described the transverse GSR 28 more than a century ago there have been few clinical reports. There are no reports including outcome measures from gait analysis and summary statistics of gait.
Patients and Methods
The aim of this study is to examine the outcome of the transverse Vulpius GSR in children with CP who have either spastic hemiplegia or THE BONE /lc JOINT JOURNAL Line drawing showing a) the anatomical three zone division of the gastrocnemius soleus muscle tendon unit. The location of the transverse Vulpius gastrocsoleus recession is shown with complete division ofthe conjoined tendon and midline raphe prior to dorsiflexion (with the foot still in equinus) and b) the apparent lengthening attained following dorsiflexion.
diplegia. We selected outcome measures focused on gait function and dynamic ankle function derived from three dimensional kinematic studies. We assessed surgical complications and gait complications including the recurrence of equinus deformity or post-operative calcaneus gait.
This was a retrospective analysis of gait laboratory data from a consecutive cohort of children with spastic CP who underwent surgery between January 2004 and December 2013. The data were collected prospectively, before and after surgery, according to standardised protocols. 29 The study was approved under the audit provision of the Human Research Ethics Committee in our institution, number 34039 A. Prior to surgery informed, written consent was obtained from parents or legal guardians. No external funding was received in support of this study.
Inclusion criteria for this study were children undergoing unilateral or bilateral transverse Vulpius GSR for an equinus gait secondary to CP. We included children with Gross Motor Function Classification System (GMFCS) Levels of I to III. 30 We excluded children with GMFCS Level N and those who did not have a full gait laboratory assessment before and after surgery. Over the study period 26 children (20 boys, six girls) met the inclusion criteria. The mean age at surgery was 9.2 years (5.1 to 17.7); 14 children had spastic diplegia and 12 children had spastic hemiplegia according to the Winters, Gage, and Hicks classification, types II or Iv.
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Gait laboratory protocols involved the collection of patient demographics including gender, age, height, weight, body mass index, GMFCS and Functional Mobility Scale (FMS). 31 A standardised physical examination was performed on both occasions by an experienced physiotherapist using protocols with acceptable reliability. 29 • 32 3DGA data was collected using a Vicon motion analysis system (Oxford Metrics Group, Oxford, United Kingdom) and at least two AMTI force plates (AMTI, Watertown, Massachusetts). A reflective marker set was applied to the children by an experienced physiotherapist using standardised procedures. Software used in the calculation of kinematic and kinetic data included Plug-in-Gait (Oxford Metrics Group) modeling software. Kinematic data was captured during barefoot walking at a self-selected speed. Kinematic data included the Gait Profile Score (GPS) and the Gait Variable Scores (GVS) for nine kinematic parameters; pelvic tilt, pelvic obliquity, pelvic rotation, hip flexion, hip abduction, hip rotation, knee flexion, ankle dorsiflexion and foot progression. For each child the GPS and GVS were calculated for the lower limb undergoing transverse Vulpius GSR The GPS and nine GVS scores formed the movement analysis profile (MAP) 33 . Fig. 2) . For both GPS and GVS, the units are degrees and a decrease indicates an improvement. 34 The transverse Vulpius GSR was conducted as either single level surgery (spastic hemiplegia) or as part of SEMLS (spastic diplegia). The indications for GSR were symptomatic fixed equinus deformity of more than 25° with the knee extended and 15° with the knee flexed. Symptoms referable to equinus gait included parental concerns regarding toe walking, tripping, falling, difficulty with shoe-wear and forefoot pain. Objectively, on gait analysis, the indication was equinus deformity during gait, with ankle dorsiflexion in late stance greater than two standard deviations (SD) below the mean for typically developing children. 35 Additional indications were during surgical procedures to stabilise the mid-foot (calcaneal lengthening osteotomy or subtalar fusion), when pre-operative examination indicated an equinus deformity and the intra-operative Silfverskiold test 10 • 11 • 36 confirmed fixed equinus affecting both the gastrocnemius and soleus.
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The final surgical decision to perform a Vulpius procedure was with the patient anaesthetised, when all children had a careful examination including a Silfverskiold test. The management of the contralateral side of children included in the study with diplegia and asymmetric equinus deformities was according to the intra-operative findings. This included BoNT-A for spastic equinus, a Strayer distal gastrocnemius recession 37 (an isolated transverse division of the gastrocnemius aponeurosis, immediately before the layers fused to form the conjoined tendon), a Vulpius GSR or lengthening of the Achilles tendon (TAL).
Transverse Vulpius GSR was performed under general anaesthesia. Children undergoing SEMLS received supplementary epidural analgesia. The transverse GSR was performed as previously described. between the superficial and deep fascia to allow protection of the sural nerve and short saphenous vein. The sural nerve was not identified in all cases, presumably due to anatomical variations. In these cases, division of the conjoined aponeurosis was performed under direct vision with good retraction and did not result in any sural nerve injuries. The conjoined tendon was divided transversely, from medial to lateral, under direct vision, with a dorsiflexion force applied to the sole of the foot. The gastrocsoleus was stretched until a 10 mm to 15 mm gap opened up and the range of ankle dorsiflexion was checked. The midline raphe was then divided and a second dorsiflexion stretch was applied to the ankle. When, with the knee in extension, 10° of ankle dorsiflexion was achieved, no further dorseflexion stretching was undertaken. The incision was closed in layers and a below knee plaster cast applied with the foot plantigrade.
Post-operative care allowed early mobilisation with immediate weight bearing as tolerated. Children who also had bony surgery were encouraged to bear weight one to three weeks following surgery according to the surgeon's assessment of stability and healing. Casts were changed at three weeks when moulds were also taken for new AFOs. Six weeks after surgery casts were removed and replaced with solid AFOs. AFOs were recommended to be worn for a minimum of 12 months after surgery, until the postoperative 3DGA had confirmed they were no longer required biomechanically. A video-based gait analysis was conducted at three, six and nine months after surgery, with a repeat 3DGA after 12 months that was used for the analysis. 2 The post-operative rehabilitation programme has been published in detail. 3~· 39 The indications for the additional surgical procedures performed as part of SEMLS have previously been summarised.
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Statistical analysis. The GPS was calculated from the preand post-operative gait analysis for each patient. The nine GVS measures were calculated for the lower limb undergoing transverse Vulpius GSR. In cases of diplegia receiving bilateral GSR, one lower limb was included by random selection. Pre-and post-operative difference in the GPS and each GVS were assessed for significance by paired t-tests with a 95% confidence interval.
All results were uploaded into an Excel spreadsheet (Window, Redmond, Oregon) and statistical analysis was performed using the Statistical Package for the Social Sciences version 18 (SPSS Inc, Chicago, Illinois). Paired t-tests, paired variance not assumed were conducted.
Recurrent equinus was defined as ankle dorsiflexion more than two SDs below the mean for typically developing children. 35 Calcaneus gait was defined as ankle dorsiflexion more than two SDs above the mean.
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Results
All but one of the children had previously been treated for spastic equinus with injections of BoNT-A. The mean follow-up was 2.4 years (1 to 6). The demographics and GMFCS levels are found in Table I . There were 30 transverse GSR procedures performed in total. Four of these procedures were performed following insufficient Strayer procedures based on an intra-operative Silfverskiold test. Four patients had bilateral transverse GSR procedures. Three patients had unilateral GSR procedures and alternative contralateral surgery, one Strayer procedure and two TALs. The remaining 19 patients had unilateral GSR procedures.
A total of 107 concomitant procedures were performed across the entire cohort; 80 soft tissue procedures and 27 Table II. Gait function improved for the whole cohort, as confirmed by a mean decrease in GPS from 13.4° (7.13° to 22.18°) before surgery to 9.0° (5.86° to 14.84°) more than one year after surgery (p < 0.001 ). This is also a clinically significant improvement; the decrease in mean GPS of 4.4° is 2.8 times the minimal clinically important difference (MCID = 1.6°). 41 The mean improvement in GPS was smaller in children with hemiplegia, 11.8° (7.41 o to 17.11 °) to 9.0° (5.91 o to 12.07°) (p = 0.016) than in those with diplegia, 14.7° (7.13° to 22.18°) to 9.1° (5.86° to 14.84°) (p < 0.001). However, this improvement is still greater than the MCID.
For the whole cohort, all nine GVS improved significantly, as illustrated by the MAP (Fig. 2) .
For children with diplegia, seven of the nine GVS measures (pelvic tilt, pelvic obliquity, hip abduction, hip rotation, knee flexion, ankle dorsiflexion and foot progression) improved significantly. For children with hemiplegia, four of nine GVS measures (pelvic rotation, hip flexion, hip rotation, and ankle dorsiflexion) improved significantly. In both groups the mean ankle GVS improved significantly. In children with hemiplegia the mean ankle GVS improved from 16.4° (5.3° to 24.9°) to 8.1° (5.r to 12.2°). In children with diplegia the mean ankle GVS improved from 21.3° (5.8° to 34.3°) to 7.r (3.4° to 12.7°). (Table III) .
Maximum ankle dorsiflexion in stance increased in both groups as illustrated in Figure 3 . It was also noted that there was a decrease in the range and variability of dynamic gastrocsoleus length following surgery. Two of the 14 children with diplegia and two of 12 children with hemiplegia had persistent or recurrent spastic equinus (> 2sos below mean).
One child with diplegia and two with hemiplegia had calcaneus at the ankle. (> 2SDs above the mean). These children are currently managed in solid AFOs and as yet do not have evidence of progressive crouch gait.
There were no superficial or deep wound infections and no haematomas or injuries to the sural nerve. One child with hemiplegia has required revision surgery for recurrent equinus deformity.
Discussion
Surgery in children with CP for equinus deformity must strike a balance between over correction resulting in Proximal zone procedures such as the Strayer gastrocnemius recession are selective, stable and associated with low rates of over correction and crouch gait at the expense of significant rates of recurrent equinus. 15 • 40 Distal Zone 3 procedures such as slide lengthening of the Achilles tendon, are useful for severe equinus deformities in spastic hemiplegia but cause unacceptable rates of calcaneus and crouch gait in spastic diplegia.
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Recent long-term outcome studies of Zone 1 procedures confirm their safety and efficacy in children with spastic diplegia. 40 However, some children with diplegia and most children with hemiplegia present with a more severe degree of fixed equinus than can be corrected by either a Strayer or Baumann procedure. The current literature does not confirm which is the optimum procedure for children with a moderate fixed equinus affecting both the gastrocnemius and soleus. There is clearly a need for an evidencebased procedure which addresses the equinus deformity which is too severe for correction by a Zone 1 procedure but not sufficiently severe to require a Zone 3 procedure.
In general, surgical outcomes following gait improvement surgery should be separated for children with spastic hemiplegia and spastic diplegia. However in this study we feel it is reasonable to consider both groups in the same •Hemiplegia
Post-operative Time study cohort as we are assessing a single operative procedure. In this study the Zone 2 transverse Vulpius GSR resulted in a clinical and statistically significant improvement for children with both spastic hemiplegia and spastic diplegia equinus gait (ankle GVS) as well as gait function in general (GPS). The GPS for the entire cohort improved by 2.8 times the MICD. 41 Greater improvements were found in the GPS of children with diplegia who had SEMLS compared with children with hemiplegia who had single level surgery. The improvements in ankle GVS were greater in children with diplegia than those with hemiplegia because they had more severe fixed equinus at baseline.
The transverse Vulpius GSR is now our principal procedure for the majority of children with spastic hemiplegia who have equinus gait, with the White slide TAL reserved for severe neglected equinus. 46 It is gratifying to note that single-level surgery in Type II hemiplegia 12 results in significant improvements not only at the ankle level, but also in an additional three GVS measures: pelvic rotation, hip flexion and hip rotation. The majority of children who present with fixed equinus deformity have had prior treatment with BoNT-A, AFOs and physiotherapy. Although nonoperative treatment does not prevent equinus deformity it may slow the progression and reduce severity. 2 • 7 • 13 Surgical lengthening after the age of six years has a more predictable outcome with a lower prevalence of both recurrent equinus and calcaneus. We wish to emphasise that the Strayer gastrocnemius recession remains our index procedure, as part of SEMLS, for the management of equinus in children with spastic diplegia. 15 • 38 We reserve the transverse Vulpius GSR specifically for children with a fixed equinus deformity affecting the gastrocnemius and soleus. To qualify for a Vulpius procedure, children with diplegia must have at least 15° of equinus deformity with the knee flexed when examined under anaesthesia at the time of surgery. In addition, there should be no more than a 15° increase in equinus, when the knee is extended. We consider a difference in equinus of more than 15° to be an indication for a distal gastrocnemius recession (Strayer) combined with a soleal fascial lengthening.
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As with all procedures for equinus gait, selecting the correct surgical 'dose' is important and the rates of both under correction and over correction were significant even at short-term follow up. Hence our recommendation to 'fine tune' the choice of surgery for equinus deformity at the time of examination under anaesthetia using the Silfverskiold test. Under correction or recurrent equinus is preferred to any degree of over correction and calcaneus gait. 15 • 47 Persistent or recurrent equinus is relatively easily treated by an additional procedure but calcaneus may lead to crouch gait and can be very difficult to salvage. 44 The definitions of equinus and calcaneus used in this study are rigorous and permit comparison with previous work. 15 • 40 To date, apart from one patient requiring a revision procedure, no other child is symptomatic or likely to require a revision procedure in the foreseeable future. The remainder have spastic equinus well managed in AFOs. To date no child has developed crouch gait. Those with mild over correction are managed in solid AFOs and remain under close follow-up. It is our experience that in children with mild over correction, protection of the gastrocsoleus in a solid AFO combined with longitudinal growth of the tibia will allow 're-tensioning' to occur and prevent the development of progressive crouch gait. 39 In this study strong plantar flexion and knee extension coupling was maintained in most children despite substantial increases in height and weight between the baseline evaluation and follow-up. Children maintained or improved both their GMFCS level and FMS grades and gait as a whole was improved, according to GPS scores.
The criteria for selecting the appropriate surgery for equinus deformity and equinus gait in children with CP are becoming more stringent and more specific. 23 In randemised studies in the formalin preserved human cadaver, the amount of lengthening of the MTU increases from proximal to distal. 23 · 27 Even within Zone 2, differences exist between the amount of lengthening following a high transverse section of the conjoined tendon when compared with a low division of the conjoined tendon with division of the midline raphe as an additional variable. 27 It is hoped that information from cadaver models may help refine surgical techniques in children to further reduce the rates of both over correction and under correction.
The strengths of this study are the use of a standardised surgical approach for the correction of equinus deformity, standardised post-operative care and carefully monitored rehabilitation, uniform selection criteria, pre-and postoperative gait analysis, rigorous definitions of over correction and under correction and clearly defined outcome criteria for both the equinus component of gait (GVS) and overall gait function (GPS). The weaknesses of this study are the variable surgical SEMLS prescription and the shortterm follow-up. In addition, both the GPS and ankle GVS are clearly affected by the concomitant procedures, which represent a significant and uncontrolled confounding variable in this study.
In conclusion, the short term results of the transverse Vulpius GSR as a single level surgery are encouraging for children with hemiplegia in equinus gait. It may also have a role for a highly selected subgroup of children with spastic diplegia as part of SEMLS. Longer term follow-up to skeletal maturity will be required to establish the true rates of recurrent equinus, calcaneus and crouch gait. No benefits in any form have been received or will be received from a commercial party related directly or indirectly to the subject of this article.
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